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Introduction 

The goal of the work under Agreement #B590737 consisted in the development of 
the experimentally justified model of beryllium shear strength of American production 
(Be S200F) in the pressure range of ∼10÷60 GPa and at strain rates up to iε& ≈106 s-1. 

The Be shear strength models, which were available in this range of parameters, had no 
sufficiently reliable experimental justification. 

The purpose of the third final phase consisted in the performance of tests by using the 
method of perturbations and with recovery of samples Be S200F and parametric verification 
of a model of beryllium strength on their basis.  

In the course of the works of the third phase six experiments were performed with the 
use of the dynamic method of perturbations  [1], [2] with shock-free loading of the Be 
S200F samples under investigation up to the pressure Pm≈50 GPa. The growth of the 
specified perturbations was recorded by means of the radiographic technique. In addition, 
each experiment includes measurements of free surface velocities of a liner by using a laser 
interferometer of the VISAR type. 

Two experiments were implemented with loading of beryllium samples up to the 
pressure P∼25÷60 GPa with recovery followed by metallographic investigation. The 
objective of the metallographic investigation consisted of determination of peculiarities of 
high-rate deformation of Be. Measurements were carried out in each experiment by using 
the technique of a manganin-based pressure sensor. 

Numerical simulation of experiments was implemented with the use of Eulerian 
technique and Lagrangian technique. In accordance with the results of numerical simulation 
the authors performed verification of parameters of a relaxation model of beryllium 
strength.  

The following RFNC-VNIIEF experts took part in the work: O.N. Aprelkov, 
N.L. Boriskova, V.V. Gorbunov, A.V. Zaytsev, D.N. Zamotaev, V.V. Igonin, 
O.N. Ignatova, D.V. Kryuchkov, A.I. Lebedev, M.O. Lebedeva, A.N. Malyshev, 
V.V. Markov, S.S. Nadezhin, V.A. Raevskiy, V.I. Skokov, A.N. Cheraev, V.V. Filyaev, 
M.A. Kaganov. 
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1 Used techniques 

1.1 Radiographic technique 

To investigate shear strength of Be when loading it up to pressures P≈10÷60 GPa, the 
dynamic method of perturbations was used [3], [4]. The scheme of test conduction is 
presented in Fig.1.1. 

 
1 – source of X-ray radiation; 
2 – element of armor protecton of bunker; 
3 – collimator; 
4 – protective screen; 
5 – experimental assembly; 
6 - protective screen; 
7 – armored cassette; 
8 – screens ADC – CR (10 units). 

Fig. 1.1 – Scheme for conduction of tests 

The facility «Eridan-3» was the source of X-ray radiation. Its boundary radiation 
energy is 1 MeV, pulse duration at a half-height is ∼0.15 µs. 

The information about the perturbation growth was obtained basing on X-ray image 
of the free surface of the liner under study. Recording of X-ray image was performed by 
using the one-frame regime at the package of photochromic screens ADC - CR [5]. The 
images, which were obtained in the screens, were summarized by special algorithm [5]. 
Mathematical processing of the images was performed by the package of programs [6], [7]. 
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1.2 Laser-interferometric technique 

The connection between perturbation growth and shear strength is determined basing 
on numerical simulation. In this case, it is very important to provide a reliable description of 
the loading regime of the liner, in particular, the P(t) dependence. The error of P(t) 
calculation can be caused by the inaccuracy of the equation of state of HE detonation 
products. The W(t) dependence of velocity on time is mostly determined by pressure of 
explosion products on a loaded surface and by the equation of state of beryllium. The 
numerical description of W(t) gives grounds to believe that P(t) is also calculated correctly. 

To verify reliability of the P(t) calculation, measurements of the dependence of the 
velocity of beryllium liner free surface on time were performed in each X-ray test. The 
measurements were performed by a laser interferometer of the VISAR type [8]. 

A basic scheme of the experiment by using a laser interferometer for recording a rate 
of motion of a free surface is presented in Fig. 1.2.  
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1 - Optical connector of the type SMA 905; 
2 – Device for transmission of laser emission into fiber;  
3 – Optical sensor; 
4 - Collimator;  
5 - Electromagnetic shutter; 

Fig. 1.2 - A basic diagram of the experiment by using a laser interferometer  
for recording a rate of motion of a free surface  

To transfer laser emission, fiber-optic lines were used having a central core diameter 
of 200 µm. In order to record a signal, four-channel oscillographs were used with a pass 
band of ~1 GHz. 
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1.3 Manganin technique  

To record a pressure profile of SW, the technique of a manganin-based sensor (MS) 
was used, which was analogous to that described in work [9]. The results of its application 
for recording pressures in shock-wave processes were given, for example, in work [10]. The 
technique was made on the basis of a potentiometric measuring scheme with pulsed mode 
for supplying voltage towards a sensor.  

To make measurements, foil gauges having four outputs were applied with rated 
resistance 0.3 Ω (Ohm) [10]. A sensing element of a gauge was made of foil with the 
thickness of 30 µm and had sizes of 0.5×10 mm in a plan. A gauge was placed into 
insulating layers made of fluoroplastic; the total thickness of the gauge was 0.23 mm. The 
gauge and the measuring scheme made it possible to record the pressure profile σx(t) with a 
rise front not more than 20 nanoseconds. Oscillographs with a frequency band of 300 MHz 
were used as a recorder.  

The pressure was calculated according to the calibration dependence for foil 
manganin—based pressure sensors, which was specified by polynomial of the third power: 
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The error of determination σx accounted for not more than ±5 % when using the 
calibration formula (1.3.1) defined in [10] for a range of pressures 1÷45 GPa.  
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2 Experimental setup 

2.1 Radiographic experiments 

To investigate Be shear strength via the perturbation method in the pressure area up 
to P≈50 GPa and at strain rates up to ε&~106s-1, the authors applied the experimental 
assembly, which was earlier used in work  [11]. The scheme of the assembly is presented 
in Fig. 2.1. 

A vacuumized gap of 2 mm between the investigated Be liner and HE cartridge of the 
second stage provided quasi-isentropic loading of a liner. HE with caloricity Q=6.1 KJ/g 
was used in the tests. 

 
1 - generator of planar shock wave; 
2 - HE of first stage: ∅90×80 mm; 
3 - damper: plexiglass, ∅90×2 mm; 
4 - impactor of first stage: Fe, ∅90×2.2 mm; 
5 - vacuumized gap: δ=10 mm; 
6 - HE of second stage: ∅90×10 mm; 
7 - bracket: Plexiglass; 
8 - vacuumized gap: δ=2 mm; 
9 - - studied liner: Be, ∅50×2 (1.78) mm;  
10 - vacuumized volume; 
11 - disk: Plexiglass, ∅90×10 mm; 
12 – optical gauge. 

Fig. 2.1 - Two-stage loading device for quasi-isentropic loading of Be liner. P≈50 GPa 
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Fig. 2.2 presents the calculated dependences of loading pressure, velocity and 
displacement of a loaded surface of the investigated liner on time. 
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Fig. 2.2 - Time dependences of loading pressure, velocity and displacement of loaded 

surface of investigated Be liner under quasi-isentropic loading. P≈50 GPa  
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According to estimations, when loading the liner, a strain rate was iε& ~106 s-1 in a 

compression wave. Increment of thermal energy was ∆ET≈416 J/g after straining. Under 
normal conditions, thermal energy of Be was ET≈547 J/g. Thermal energy of Be was 
Em≈2846 J/g at the beginning of melting. Therefore, thermal energy of Be after deformation 
was ≈34 % of melting energy Em. Increment of thermal energy regarding the energy 

required for heating from the initial state to melting was 
Tm

T

EE
E
−

∆
≈0.18. 

Configuration of the liners was selected basing on two-dimensional calculations. 
Liners with the thicknesses h=1.78 mm and h=2.0 mm were used in experiments. 
Configuration of the liner with the thickness h=2.0 mm is presented in Fig. 2.3. A design of 
the liner with the thickness h=1.78 mm was identical. 

 
 

Fig. 2.3 – Configuration of liner with thickness h=2.0 mm 

Periodic perturbations were specified at loaded surfaces of liners. The perturbations 
were extended sinusoidal recesses (grooves). The order of recesses determined the 
perturbation wave length λ, and a depth determined the initial amplitude A0 
(amplitude A0=2a0, a0 is a traditionally used designation of amplitude at a harmonically 
varied function). The order of recesses was λ=4 mm. The amplitude of perturbations 
amounted to A0≈0.38 mm for liners having a thickness h=1.78 mm, it amounted to 
A0≈0.48 mm for liners with the thickness h=2.0 mm. 
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2.2 Experiments with recovery of samples 

The goal of these investigations was to determine how loading and SW strength 
influence on Be microstructure. Two types of loading can be used in the experiments: 
• loading by a quasi-isentropic compression wave, which is transformed into a shock 
wave gradually (a maximum pressure is constant, a strain rate is changed  
from xε& ∼105 to 1010 s-1); 

• loading by a thin metal impactor, which reduces amplitude of an entering shock wave 
a several times while moving in the sample (SW amplitude is changed P~65÷30 GPa, 
a strain rate is xε& ~1010 s-1). 

Experimental set-up was selected on the basis of numerical calculations in such a 
way that tensile stresses do not occur in beryllium samples after a main loading pulse, which 
could cause a fracture of samples. Beryllium samples under study were placed into the Al-
cartridge of a great diameter. Aluminum was chosen due to the values of dynamic 
impedance most closely related to beryllium (the product of density by a sound speed). 
A beryllium sample was loaded via explosion products of HE through a gap in test №1 or 
by a thin aluminum impactor being accelerated by explosion products through a gap in test 
№2. The composition based on HMX was used as loading HE in both tests. Several 
aluminum discs were arranged at the exit from the cartridge for the purpose of absorbing a 
mechanical pulse. Deceleration and recovery of the beryllium sample under investigation 
were implemented for test №1 in a sand layer of the size 0.6×0.6×0.6 m, for test №2 - in a 
combination of concrete of the size 0.6×0.6×0.3 m with sand of the size 0.6×0.6×0.3 m. 

To check a loading pressure, manganin-based pressure sensors were installed 
between aluminum disks. Sensitive elements of sensors D1 and D2 were located at the 
diameter of ∼20 mm. When installing sensors, epoxy adhesive was applied to remove air 
from a gap between disks.  

Metallographic investigations of beryllium samples were performed after tests. 
Samples were being studied using an optical metallurgical microscope at magnifications of 
50x-500x. Metallographic sections were photographed by using a digital photo camera. As a 
result of investigations, dislocation density of twins was determined. 
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2.2.1 Assembly №1. Transition of quasi-isentropic compression 
wave into SW  

Fig. 2.4 presents a sketch of experimental assembly. 

 
1 - generator of planar shock wave; 
2 - HE: ∅120×30.7 mm; 
3 - vacuumized gap: ∆=3 mm; 
4 - cartridge: Al ∅120×15 mm; 
5 - disk: Al ∅120×0.5 mm; 
6 – recovered sample: Be ∅60×15 mm4 
7 - disk: Al ∅120×5 mm; 
8 - disk: Al ∅120×10 mm - 4 pieces; 
MPS – manganin-based pressure sensors. 

Fig. 2.4 – Sketch of experimental assembly №1 

Fig. 2.5 presents the dependences of stress on time at various depths X of a beryllium 
sample (a counting from the loaded surface). 
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Fig. 2.5 – Stress versus time at various depths of beryllium sample 

Fig. 2.6 demonstrates the dependencies of intensity of plastic strain on time at 
various depths of Be sample (the counting from the loaded surface). 
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Fig. 2.6 – Intensity of plastic strain versus time at various depths of beryllium sample 

Fig. 2.7 demonstrates the dependencies of yield strength on time at the various depths 
of a beryllium sample (the counting from the loaded surface). 
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Fig. 2.7 – Yield strength versus time at various depths of beryllium sample 

Fig. 2.8 presents the time dependence on the temperature on at the various depths of 
a beryllium sample (the counting from the loaded surface). The melting temperature lies in 
the range of 1750÷2300 °K at the same depths. 
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Fig. 2.8 – Time dependence on temperature at various depths of beryllium sample 
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2.2.2 Assembly 2. Shock wave loading of decreasing amplitude 

Fig. 2.9 presents a sketch of experimental assembly. 

 
1 - generator of planar shock wave; 
2 - HE: ∅120×30.7 mm; 
3 - vacuumized gap: ∆=5 mm; 
4 - impactor: Al ∅120×2 mm; 
5 - vacuumized gap: ∆=10 mm; 
6 - disk: Al ∅120×2 mm; 
7 – recovered sample: Be ∅60×30 mm; 
8 - cartridge: Al ∅120×30 mm; 
9 - disk: Al ∅120×5 mm; 
10 - disk: Al ∅120×10 mm - 4 pieces; 
MPS – manganin-based pressure sensors. 

Fig. 2.9 – Sketch of experimental assembly №2 

Fig. 2.10 presents the dependences of stress on time at the various depths of a 
beryllium sample (the counting from the loaded surface). 
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Fig. 2.10 – Dependencies of stress on time at various depths of beryllium sample  

Fig. 2.11 presents the dependences of intensity of plastic strain on time at the various 
depths of a beryllium sample (the counting from the loaded surface). 
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Fig. 2.11 – Dependencies of intensity of plastic strain on time at various depths  
of beryllium sample 
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Fig. 2.12 presents the dependences of yield strength on time at the various depths of a 
beryllium sample (the counting from the loaded surface). 

7 8 9 10 11 12
0

1

2

3

4

5

t (µs)

  Х=0.05 mm
  Х=3.00 mm
  Х=6.00 mm
  Х=9.00 mm
  Х=12.00 mm
  Х=15.00 mm
  Х=18.00 mm
  Х=21.00 mm
  Х=24.00 mm
  Х=27.00 mm
  Х=29.95 mm

Y 
(G

Pa
)

 
Fig. 2.12 – Dependencies of yield strength on time at various depths of beryllium sample 

Fig. 2.13 presents the temperature dependence on time at the various depths of a 
beryllium sample (the counting from the loaded surface). The melting temperature is in the 
range of 1750÷2700 °K at the same depths of the sample. 
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Fig. 2.13 – Temperature dependence on time at various depths of beryllium sample 
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3 Experimental results 

3.1 Roentgenographic experiments 

The conditions of performance and the results of tests at quasi-isentropic loading of 
Be up to the pressure P≈50 GPa are presented in Table 3.1. The following designations are 
used in Table 3.1: λ is the perturbation wavelength; A0 is the initial amplitude of 
perturbations (the amplitude is A0=2a0); h is the liner thickness, S is the distance travelled by 
the investigated liner by the time of recording; A is the amplitude (amplitude is A=2a) of 
perturbations by the time of recording. 

It should be noted that the quality of X-ray image printing in paper does not allow 
one to show «fine» details, which can be seen in the monitor screen. 

The time of the beginning of free surface motion accounted for 48.8÷49 µs in five 
tests (see Chapter 3.2). This time amounted to 48.8 µs for test №1 with the liner thickness 
h=1.78 mm. The authors planned to perform the second test with the liner thickness 
h=1.78 mm for the distance traveled by a plate at the time of X-ray radiography of 
4.5÷5 mm. However, the assembly started with a slight delay and the time of the beginning 
of motion was 49.35 µs. For this reason, the distance traveled by a plate at the moment of 
roentgenography was 1.4 mm in test №3. 
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Table 3.1 – Conditions of test conduction and experimental results. Quasi-isentropic loading, Be, P≈50 GPa 

Designation 
of test  

λ, mm A0, mm h, mm X-ray photo of investigated liner S, mm A, mm 

Exp1 4 0.38 1.78 

 

8.9±0.3 2.7±0.2 

Exp2 4 0.48 2 

 

7.1±0.3 2.6±0.1 

Exp3 4 0.38 1.78 

 

1.4±0.2 0.6±0.1 
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Continuation of Table 3.1 

Designation 
of test 

λ, mm A0, mm h, mm X-ray photo of investigated liner S, mm A, mm 

Exp4 4 0.48 2 

 

11.7±0.3 3.6±0.2 

Exp5 4 0.48 2 

 

14.6±0.5 4.1±0.2 

Exp6 4 0.48 2 

 

6.3±0.3 2.4±0.1 
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Fig. 3.1 and Fig. 3.2 present the results of tests with the growth of periodic 
perturbations on a loaded beryllium surface under quasi-isentropic loading conditions up to 
the Pmax≈50 GPa. The results are presented in absolute and relative units, respectively. 
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b) 
Fig. 3.1 - Evolution of absolute (a) and relative (b) amplitudes of periodic 

perturbations A0=0.38 mm, λ=4 mm, h=1.78 mm, Be.  
Quasi-isentropic loading, Pmax≈50 GPa  
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b) 
Fig. 3.2 - Evolution of absolute (a) and relative (b) amplitudes of periodic 

perturbations A0=0.48 mm, λ=4 mm, h=2 mm, Be.  
Quasi-isentropic loading, Pmax≈50 GPa 
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3.2 Results of measurements via laser interferometer  

The results of the measurements via a laser interferometer are presented 
in Fig. 3.3 - Fig. 3.8. 
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Fig. 3.3 - Results of measurements via laser interferometer. Test №1 
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Fig. 3.4 - Results of measurements via laser interferometer. Test №2 
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Fig. 3.5 - Results of measurements via laser interferometer. Test №3 
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Fig. 3.6 - Results of measurements via laser interferometer. Test №4 
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Fig. 3.7 - Results of measurements via laser interferometer. Test №5 
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Fig. 3.8 - Results of measurements via laser interferometer. Test №6 
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It is obvious from the data presented in Fig. 3.3 - Fig. 3.8 that a free surface velocity 
was in the range of W≈5.7÷6 km/s for five tests. In these tests the measurements were 
performed in the region of the maximum thickness of the liner, that is, an optical sensor of 
the laser was positioned into a center of a free surface - FS, under which there was a peak of 
perturbation. In test №5 with the maximum distance traveled by a plate at the moment of X-
ray radiography S=14.6 mm the measurements were implemented in the region of the 
minimum thickness of the liner, namely, the optical sensor of the laser was positioned into a 
center of a free surface - FS, under which a recess of perturbation occurred. As a result of 
loading, the material flowed from the initial recess towards the peak, then a recess was 
reduced in thickness from H=1.52 mm to H=1.2 mm and it was disrupted. A velocity of the 
thinnest liner part was W≈7.5 km/s at the place of the initial recess. 
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3.3 Experiments with recovery of samples 

3.3.1 Test №1 

As a result of loading in test №1, the aluminum cartridge and the beryllium sample 
were fractured. Sample’s fragments found following the test are presented in Fig. 3.1. 

 
Fig. 3.1 – Sample following test №1 

Fig 3.2 presents the experimentally measured and calculated pressure profiles of 
manganin-based sensors D1 and D2. 
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Fig 3.2 – Pressure profiles. Test №1 

It is seen from Fig 3.2 that the amplitude of the shock wave issuing from the 
aluminum disk accounted for Psw≈25 GPa, diversity of operation of D1 and D2 sensors 
amounted to 0.02 µs. 
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3.3.2 Test №2 

In test №2 the aluminum cartridge was damaged and the beryllium specimen was 
destructed partially. The photo of the sample is presented in Fig. 3.1. 

 
Fig. 3.3 - Sample following test №2 

Fig. 3.4 presents the experimentally measured and calculated pressure profiles of 
sensors D1 and D2. 
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Fig. 3.4 – Pressure profiles. Test №2 

It is seen from Fig. 3.4 that the experimentally measured amplitude of the shock 
wave leaving the aluminum disk accounted for Psw≈14  GPa. Diversity of operation of D1 
and D2 sensors was 0.14 µs. 
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3.4 Results of metallographic investigations 

3.4.1 Technique of metallographic analysis 

The technique of the metallographic analysis included the assessments of the nature 
and the extent of structural changes in the studied beryllium samples as a result of the action 
of dynamic loads on them. 

The sample under investigation of test №2 was cut along the axis of symmetry, in the 
plane perpendicular to a shock front. A microsection was prepared for fine-structural 
investigations in the obtained section. For test №1 a microsection was prepared using a 
sample’s fragment being remained after a test. Selected surfaces were subjected to grinding 
and polishing by using a mechanical means via a traditional technique. 

The method of chemical etching was used to reveal a microstructure of the studied 
samples. Etching was performed when using a mixture of hydrofluoric acid and nitric acid 
with chrome anhydride at room temperature. The microstructure was revealed under 
chemical etching through immersion of microsection surface into an etchant. 

The prepared microsections were investigated by optical metallographic microscope 
AXIOVERT 40 MAT at the magnifications of 50x-1000x in light background and in 
polarized light.  
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3.4.2 Test № 1 

The photo of the microsection of sample №1 is presented in Fig. 3.9. 

 
Fig. 3.9 - Microsection of sample №1. General view 

The photo of the microstructure of sample №1 is presented in Fig. 3.10. The sample 
has a fine-grained structure, average grain size in the sample is 14.1 ± 6.7 µm and a form of 
grains is close to an equiaxed form (Fig. 3.10). 

 
Fig. 3.10 - Photo of the microsection of sample №1 
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As a result of the shock action the sample was split in some places (Fig. 3.10). Bands 
of localized deformation are seen inside of grains, which can have twin origin. Bands of 
localized deformation within grains in sample №1 are presented in Fig. 3.11. 

 
Fig. 3.11 - Bands of localized deformation within grains in sample №1.  

Photo in polarized light 

The concentration of the grains containing such bands was not revealed in 
accordance with the distance from a loading surface, this concentration amounts to 37-47 % 
in the whole volume (it is identical in both samples).  
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3.4.3 Test № 2 

Photo of the microsection of sample №2 is presented in Fig. 3.12. 

 
Fig. 3.12 - Microsection of sample №2. General view 

The sample was loaded in the direction from B to H (B is the sample’s top, H is 
the sample’s bottom). Sample №2 as well as sample №1 has a fine-grained equiaxed 
structure, in places with cracks (Fig. 3.13). The microstructure of sample №2 is presented in 
Fig. 3.13 - Fig. 3.14. The average measured grain size is 14.4 ± 7.3 µm. A structure of the 
sample is identical to sample №1. 

 
Fig. 3.13 - Microstructure of sample № 2 
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Fig. 3.14 - Photo of sample №2 in polarized light 
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3.4.4 Discussion of results 

Unfortunately, we have no microstructure of a material prior to loading at our 
disposal; therefore, we can not arrive at the conclusions regarding a question what changes 
relate to its consequence (except for cracks). Obviously, it is necessary to search for traces 
of high-rate strain of beryllium at a more subtle level - by applying electron microscopy. 
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4 Relaxation model of beryllium strength (RING) 

Below we present the model of beryllium shear strength, which is under development 
in VNIIEF, and which was used in calculations [12]. The model parameters were selected 
based on available experimental data. These data can be updated after obtaining the new 
experimental information. 

 
 

4.1 Equations of state 

In the area of pressures lower than 100 GPa, the spherical component of stress tensor 
can be presented in the simplified Mie-Grueneisen form with constant heat capacity: 
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In expression (4.1): e
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ρ
  is the elastic component of pressure, ρ0K, C0K are 

the density and volume sound velocity at T=0 °K, ГP is the Grueneisen coefficient, ρ is the 

substance density, 
К0ρ
ρδ =  is the relative compression, 
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RCV

3=  is the specific heat 

capacity at constant volume (the Dulong-Petit law); ⎟
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T
D  is the Debye function, Θ is the 

Debye temperature.  
Because of a high value of the beryllium Debye temperature (Θ=1031 K), its specific 

heat CV is much lower than the value 
A
R3  at the normal temperature, and it is a function of 

the current temperature. Respectively, specific heat energy is less than the value T
A
R ⋅3 , and 

it can be written as follows: ∫+=
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specific heat energy at normal temperatures. Calculations give the value ET0=183 J/g. 



 
Beryllium Dynamic Strength Measurements 

 

 35

The equations of state are based on the available data on the measurement of the D-U 
diagrams of compression [13], a sound velocity behind shock wave front [14], etc. [15]. The 
Grueneisen coefficient ГP is assumed as a function of only density (or relative 
compression (δ) [16]. It is true for not too high temperatures. 

МР

ГГ
ГГ

δ
∞

∞

−
+= 0 , (4.2)

where Г0 , Г∞ are the values of ГP at ρ =ρ0K and δ→ ∞ respectively. 
The beryllium Grueneisen coefficient ГP is Г0=1.15, ρ0K=1.86 g/cm3 under the 

normal conditions according to [17]. According to [18] Г0=1.17, and at δ=1.66 ГP=1.0. In 
accordance with the calculations by using formula (4.2) with parameters from Table 4.1 the 
beryllium Grueneisen coefficient is equal to ГP=0.96 at δ=1.66. 

Table 4.1 presents constant coefficients of equations (4.1) and (4.2) for beryllium. 
Parameters of the physical equation were selected to meet the conditions: P=0 at 0ρρ = , 

T=273 °K and P=0 at 0mρρ = ∗, T=Tm0=1557 °K. 

Table 4.1 - Constant coefficients of beryllium equations (4.1) and (4.2) of beryllium 
ρ0K 

(g/cm3) 
ρ0, 

(g/cm3) 
C0K, 

(m/s) 
n Г∞ Г0 M 

CV
∗∗, 

(J/gK) 
1.8668 1.85 8.03 2.89 0.5 1.25 1.0 2.7 

 
 

                                              
∗ 

0mρ  is the melting density at T=Tm0, Tm0 is the melting temperature under the normal conditions (P=0, δm0=0.9145). 
∗∗ CV =2.7 J/gK should be assumed at T>1031 °K. At T=293 °K  CV =1.627 J/gK. 
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4.2 Shear modulus and melting temperature 

Shear modulus, which determines the deviator component of stress tensor in the 
elastic area of strain, is usually calculated by the formula: 
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where ν is the Poisson’s ratio; CK is the current volume sound velocity. 
The dependence of the Poisson's ratio ν can be assumed as a function of temperature 

ν (T/Tm). And it can be presented in the following way: 
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ν =0.5, T≥1, 

where 
mТ
ТТ = , T is the current temperature, Tm is the melting temperature, ν0 , C, K=const. 

At the shock wave front, the Poisson’s ratio can be determined using the relation of 
the elastic sound velocity CL and the volume sound velocity CK: 
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Table 4.2 presents parameters for the dependence of the Poisson’s ratio on the 
temperature in form (4.4). 

Table 4.2 – Parameters of equation (4.4) 

ν0 C K 

0.03 15.63 3.0 
 

Formula (4.4) describes the reference value ν=ν0=0.03 at T=300 °K, and ν=0.5 at 
T=Tm that corresponds to the liquid state. To obtain the more justified 
dependence ( )Tf ,ρν = , it is required to have additional experimental data. When obtaining 

the additional experimental information, it is possible to revise the dependence ( )Tf ,ρν = . 

Fig. 4.1 shows calculated and experimental data [14], [19] on elastic CL and plastic CB 
sound velocities behind the shock wave front.  
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Fig. 4.1 - Calculated and experimental dependences of elastic CL and plastic CB  
sound velocities on pressure behind shock wave front 

In the specified stress-strain state, the melting temperature Tm is determined by the 
Lindemann’s law: 
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where Tm is the melting temperature at density ρm. 
At the initial conditions Tm=Tm0, ρm=ρm0, the melting curve equation in the (δ-T) 

plane has the form: 
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where 
K

m
m

0ρ
ρ

δ = , 
К

m
m

0

0
0 ρ

ρ
δ =  is the relative density of substance at Tm=Tm0, (the melting of 

the beginning), Tm0 is the melting temperature in the normal state at P≈0. For beryllium, 
Tm0=1557 °K, δm0=0.9145. 

Fig. 4.2 shows calculated and available experimental dependences of a temperature 
and a melting temperature. 
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1-3 – data [20];  
4, 5 – calculation [20];  
6 – calculation by formulas (4.1) - (4.6). 
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1-4 – data [21];  
5 – calculation by formulas (4.1) - (4.6). 

b) 
Fig. 4.2 – Experimental and calculated dependences of temperature and  

melting temperature along shock adiabat of beryllium 
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4.3 Relaxation model RING-I 

For the more complete description of metal behavior at high-speed deformation, 
including shock-wave deformation, relaxation models of an elastic-plastic body are used. In 
these models, it is expected that the stress deviator depends on deviators of deformations 
and strain rates [22]. 

VNIIEF experts are using a simplified relaxation model, which involves usual 
elastic-plastic approximation, and dynamic yield strength is determined by a differential 
equation, which takes account of the process of relaxation of elastic stress. The basic 
equation, which determines the effective yield strength in the relaxing medium, is the 
following: 

τ
ε Sd

id

YYGY −
−= && 3 , (4.7)

where Yd is the effective yield strength at the present time, YS is the stationary yield strength, 
which occurs in a present state (P, T) of a substance at iε& =0; iε&  is the strain rate, τ is the 

relaxation time for elastic stress. The points above Yd and εi mean the derivative in time. As 

yield strength ( )dd YY <<⋅τ&  changes rather slow, equation (4.7) turns into an elastic-

viscous-plastic model. 
The stationary yield strength is presented in the following analytical form: 

( ) ( )
00

1210 exp1)1(1 3

G
GdtaTaYY

t

ii
a

S ⋅
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⋅−−⋅−⋅+⋅= ∫ εεϕ &&  

4

4

1

1
1max

1

1

1

a

S

i

a

S

i

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅+

=

ε
ε

ε
ε

ϕ
ϕ

&

&

&

&

 

(4.8)

In equation (4.8) Y0, a1-a4, ϕmax1, S1ε&  are constant coefficients, G, G0 is the shear 

modulus in the current state and the initial state respectively (G0=160 GPa). This equation 
takes account of the loading history, i.e. the dependence of hardening on strain rate and a 
value of strain [23]. Table 4.3 presents the parameters of equation (4.8). 
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Table 4.3 – Parameters of stationary yield strength of beryllium 

Y0 (GPa) a1 a2 a3 a4 ϕmax1 S1ε&  (s-1) 

0.36 3.3 7.0 1.0 1.0 2.0 2.0 
 

For relaxation time, the equation is used, which describes the tests on the 
measurement of a strain rate [24], [25] in shock wave front, compression diagrams and 
Taylor cylinders at iε& <105 s-1: 
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Equation (4.9) has the following limiting values:  
at iε& →0, G=G0 τ=τ0, at 1→T  and (or) iε& →∞ τ→0. 

With the parameters ϕmax2=156; n2=1.0, S2ε& =2⋅103 s-1, τ0=5 µs and 0iε& =1 s-1 

dependence in form (4.9) is in rather good agreement with experimental data up to strain 
rate iε& ~108s-1.  

In work [26] the results are presented for the description of the available 
experimental data through the model.  
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5 Results of numerical simulation of experiments with use of 
Eulerian technique 

The authors made all calculations for the study of the perturbations growth on a 
loaded surface by using a two-dimensional gas-dynamic program on an immovable Eulerian 
grid in a plane geometry with the parameters of the equation of state of Mie-Grueneisen for 
beryllium taken from work [27]. 

Fig. 5.1 and Fig. 5.2 present the experimental results and the results of numerical 
simulation for the study of beryllium shear strength through «the method of perturbations» 
with the RING model. 
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Fig. 5.1 – Experimental results and calculated dependencies of perturbation amplitudes on 
distance travelled by beryllium liner. Liner thickness ∆=1.78 mm 
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Fig. 5.2 - Experimental results and calculated dependencies of perturbation amplitudes on 
distance travelled by beryllium liner. Liner thickness ∆=2.0 mm 

By analyzing Fig. 5.1 and Fig. 5.2, it may be concluded that the authors can make the 
conclusion that a growth of perturbations having initial amplitude A0=0.48 mm with the 
sample’s thickness h=2 mm is described adequately in the calculations with the dynamic 
strength model RING. In this case, both for the thickness of the sample h=1.78 mm and for 
the initial amplitude A0=0.375mm, there is only one experimental point in fact for the 
distance travelled by a plate at the time of X-ray radiography S≈8.9 mm, which is not 
described via the dynamic strength model called RING. 

Note that numerical description of the results of the majority of tests is satisfactory 
by using the RING models due to the fact that the initial amplitude of perturbations was 
great enough (A0≈0.48 mm). In case of such great amplitude, the liner surface is in the 
conditions closely related to a hydrodynamical flow in a process of acceleration and the 
influence of strength is not considerable. It would be very useful to conduct analogous tests 
with the lower initial amplitude of perturbations, which is closely related to a stability 
threshold. In this regime the perturbation growth is more sensitive to shear strength and a 
checking of a strength model would be more reliable in such experiments. 

In all the radiographic experiments the authors measured a dependence of a free 
surface velocity of a beryllium liner on time W(t) by the help of a laser-interferometric 
technique. 
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Fig. 5.3 - Fig. 5.8 present experimental and calculated dependencies of a free surface 
velocity (FS) of liners W(t). 
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Fig. 5.3 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №1 
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Fig. 5.4 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №2 
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Fig. 5.5 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №3 
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Fig. 5.6 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №4 
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Fig. 5.7 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №5 
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Fig. 5.8 - Experimental and calculated dependencies of free surface velocity on time W(t). 
Liner thickness ∆=1.78 mm. Test №6 
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As is seen from Fig. 5.3 - Fig. 5.8, the calculating curve describes the experimental 
curve with the amplitude W within ∼0.5 µs from a start of motion of FS, there are some 
divergences for the later times. The calculated value of a free surface velocity coincides 
with the calculated value in amplitude for test №5, however, there are some differences in 
sudden changes of acceleration as well. 

It should be noted that in the time of basic loading of samples ∆t≈0.5 µs calculated 
and experimental dependencies W(t), are closely related to one another, what testifies to 
correctness of calculations of pressure at a beryllium surface and to repeatability of 
experiments. 

Fig. 5.9 shows the experimentally measured pressure profiles and the calculated 
pressure profiles of manganin-based sensors D1 and D2 in test №1. 
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Fig. 5.9 – Pressure profiles. Test № 1 

It is seen from Fig. 5.9 that shock wave amplitude coming from the aluminum disk, 
accounted for Psw≈25 GPa, the calculated curve is closely related to the experimental curve 
in this case. 
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Fig. 5.10 presents the experimentally measured pressure profiles and the calculated 
pressure profiles of manganin-based sensors D1 and D2 in test №2 
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Fig. 5.10 – Pressure profiles. Test № 2 

It is obvious from Fig. 5.10 that the calculated amplitude of the shock wave leaving 
the aluminum disk, amounted to Psw≈21.5 GPa and differs from the experimentally 
measured amplitudes Psw≈14 GPa.  

A possible reason of such a large difference of experimental measurements from 
calculations consists in imperfection of equations of state of beryllium and rheological 
properties of beryllium. Other reasons exist also, for example, gaps between beryllium disks 
and aluminum disks. 
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6 Results of numerical simulation of experiments by using 
Lagrangian technique  

The results of numerical simulation of the implemented experiments with the use of 
Lagrangian technique are presented in Fig. 6.1 and Fig. 6.2. 

Dynamic strength models called RING were applied in calculations.  

0 5 10 15
0

1

2

3

4

5

A0=0.38mm, λ=4mm
 experiment
 calc Relax DraconA 

(m
m

)

S (mm)
 

Fig. 6.1 - Experimental results and calculated dependencies of perturbation amplitudes on 
distance travelled by beryllium liner. Liner thickness ∆=1.78 mm 
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Fig. 6.2 - Experimental results and calculated dependencies of perturbation amplitudes on 
distance travelled by beryllium liner. Liner thickness ∆=2.0 mm 
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By analyzing the experimental results and numerical calculations, given 
in Fig. 6.1 - Fig. 6.2, the conclusion can be drawn that the authors manage to describe the 
majority of experimental results in calculations with the use of the RING dynamic strength 
model. Only one experiment can not be described with the liner thickness h=1.78 mm and 
the amplitude A0=0.38 mm. It makes sense, apparently, to repeat experiments with the 
sample’s thickness h=1.78 mm with various initial perturbation amplitudes. 
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Conclusion 

The main results of the investigations performed in the framework of Contract 
B590737 are as follows: 

The experts performed six roentgenographic experiments by using a dynamic method 
of perturbations with shock-free loading of the studied samples Be S200F up to the pressure 
Pm≈50 GPa in the course of works at the third phase. Six values of amplitudes of 
perturbations were recorded. In addition, measurements of a free surface velocity of a 
beryllium liner of the Be S200F type were made in each experiment. 

Two experiments were implemented with recovering beryllium samples after loading 
by pressure of P∼25÷60 GPa and with a subsequent metallographic analysis. As a result of 
metallographic investigations the peculiarities of high-rate strain of Be were determined. 
The authors recorded the values of SW intensity using the methods of manganin-based 
pressure sensors. 

Numerical simulation of experiments was performed using Eulerian and Lagrangian 
techniques. A relaxation model of dynamic strength called RING was used in the 
calculations for Be S200F. The majority of experiments were described adequately in the 
calculations. In one experiment the perturbation amplitude deviates from the calculated 
dependence by ≈20 %, while a liner moves along the distance S≈9 mm.  Apparently, it is 
worth repeating the experiment with the same initial parameters, as well as it is necessary to 
carry out new experiments with smaller perturbation amplitude, which lies not far from a 
stability boundary of perturbations. 
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